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(g) Thin film very high sensitivity magnetoresistive magnetometer having temperature compensation 
and single domain stability. 

@ A thin film magnetometer includes first and 
second thin film magnetoresistive elements and 
first and second thin film laminated flux collec- 
tors. The first magnetoresistive element is 
located in a gap formed by the flux collectors, 
and the second magnetoresistive element is 
subtantially magnetically shielded by the flux 
collectors, and acts as a thermistor. The mag- 
netoresistive elements are connected in a 
bridge circuit whereby any signal component 
due to thennal effects on the magnetoresistive 
elements is removed from the signal produced 
by the first magnetoresistive element. 
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Field of the Invention 

Present invention relates to a sensor for meas- 
urement of magnetic fields, and in particular to a mag- 
netic field sensor having a thin film magnetoresistive 
element and thin film laminated flux collectors. 

Background Art 

A high sensitivity, small size, low-power con- 
sumption, broad bandwidth magnetometer having a 
thin film magnetoresistive (MR) element formed in a 
gap defined by a pair of thin film laminated flux col- 
lectors is disclosed in U.S. Serial No. 737,755 filed 
7/30/91 by N. Smith and F. Jeffers. Although this thin 
film sensor represented a marked improvement over 
prior art magnetometers, the design was found to suf- 
fer from several drawbacks: A nonzero temperature 
coefficient of resistivity for the NiFe MR film makes 
low frequency temperature fluctuations appear as un- 
wanted noise signals. An external temperature sensi- 
tive resistor is generally used to help compensate for 
this unwanted noise signal, but such compensation 
cannot be complete because the thermal coupling 
between the register and the MR element is in prac- 
tice inadequate. It isfurther difficult to control overlap 
of the relatively thick film flux collectors with the thin 
MR sensor and also difficult to etch t he gap in the flux 
collectore without damaging the MR film. It has also 
been found that the magnetic state of the MR element 
may often be multidomain with accompanying do- 
main walls. Such domain walls act as a source of hys- 
teresis and Barkhausen noice when subjecting the 
magnetonneter to sufficiently large magnetic fields. 

Summary of the invention 

It is therefore the object of the present invention 
to provide improvements in the thin film magnetonv 
eter that overcome the shortcomings noted above. 

The object is achieved according to one aspect of 
the invention by providing a magnetoresistive mag- 
netometer having first and second thin film magnetor- 
esistive elements. First and second thin film laminat- 
ed flux concentrators are formed over the first and 
second magnetoresistive elements to define a gap 
over the f iret magnetoresistive element. The magnet- 
ic influence of the flux collectore is such that the com- 
ponent of the sensed magnetic field that is in the di- 
rection across (perpendicular to) the gap. Is, at the 
site of the first MR element in the gap. substantially 
magnified in strength, while the component of the 
sensed magnetic field along (parallel to) the gap is, at 
the same site, substantially reduced in strength. In 
contrast, both of these components of a sensed mag- 
netic field will be substantially reduced by the flux col- 
lectors at the site of the second MR element The first 
and second MR elements are connected in a bridge 



circuit, wherein the second MR element functions 
solely as a t her mo resistor to cancel out thermal af- 
fects on the signal from the first magnetoresistive ele- 
ment Since the first and second magnetoresistive 
5 elements are arranged in close proximity on a com- 
mon substrate, they are subjected to substantially 
kientical in-phase thermal disturbances, thereby 
more nearly completely eliminating thermal noise in 
the sensor. 

10 According to another feature of the present in- 

vention, the bulk of the laminated flux collectors are 
formed and patterned to a thickness somewhat less 
than desired and having a gap spacing wider than the 
magnetoresistive element, while shielding the tem- 
15 perature compensating magnetoresistive element. 
Then, a final thickness of flux concentrator material 
is deposited and patterned over the magnetoresistive 
elements. The thinner, and thus more easily pat- 
terned and etched layerof f lux collector in the vicinity 
20 of the gap allows (i) greater flux concentration at the 
collector-MR sensor overlap, (li) greater control of the 
overlap width to better optimize (minimize) the reluc^ 
tance of the MR-collector magnetic coupling, and (iii) 
removal of previous fabrication difficulties associated 
25 with increasing flux collector thickness. This latter ad- 
vantage allows the thickness of the remaining bulk re- 
gion of the collectore separate finom the gap to be in- 
dependently increased. This, In turn. Improves mag- 
netometer sensitivity because the amplification of the 
30 gap field by the flux collectore is in the present inven- 
tion an increasing function of the bulk flux collector 
thickness, given a fbced thickness at the vicinity of 
the gap. Finally, the design of the magnetoresistive 
sensor is modified to provide means for controlling 
35 the magnetic state of the MR sensor in the end re- 
gions external to the flux concentratore in a manner 
such as to effectively guarantee a stable, single do- 
main state in the active MR sensor region internal to 
the flux collector gap without unduly inhibiting mag- 
40 netic sensitivity in this active region. In a preferred 
embodiment, this nnagnetic state function is provided 
by either a deposited permanent magnet film (e.g.. 
CoPt) which may be separated from the MR layer by 
a thin spacer layer or by an exchange coupling layer 
45 (e.g. TbCo) deposited directiy onto the MR film. In 
both cases, these extra layers preferably do not ex- 
tend past the inside edge of the current lead contact 
areas. The purpose of the extra layere is to fix the 
magnetization in the outer, end regtons of the MR film 
50 in order to provide a distinct, lower energy preference 
for one direction of longitudinal (easy-axis) magneti- 
zation in the inner, active region of the MR film. This 
should eliminate the tendency for the formation of 
multidomain magnetic states and associated Bar- 
55 khausen noise producing domain walls. According to 
another embodiment, a similar function is provided by 
a set of coils which produce a magnetic field in one 
particular longitudinal direction, which field similarly 
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influences the magnetic state of the end regions of 
the MR element 

Brief Description of the Drawings 

Figure 1 is a schematic perspective view of a thin 
film magnetometer according to the present in- 
vention; 

Figure 2 is a circuit diagram showing the bridge 
circuit including the elements of the magnetonv 
eter of Figure 1; 

Figure 3Aand B are schematic perspective views 
illustrating a preferred method of fabricating a 
magnetometer according to the present inven- 
tion; 

Figure 4 is a schematic perspective view showing 
a magnetometer according to the present inven< 
tion further including exchange coupled tabs for 
sweeping domain walls from the magnetoresis- 
th^e elements; and 

Figure 5 is a schematic perspective view of a 
magnetonneter according to the present inven- 
. tion, further including coils for applying a local- 
ized field in the direction of the easy axis of the 
magnetoresistive element. 

Modes of Carrying Out the Invention 

Referring to Figure 1 , a magnetic field sensor 10 
according to the present invention includes a sut>- 
strate 12 upon which is deposited and patterned a pair 
of permalloy MR elements 14 and 16. Conductors 20 
and 22 for conducting sense current through the MR 
element 14 and conductors 24 and 26 for conducting 
sense current through the MR element 16 are depos- 
ited in electrical contact with the respective MR ele- 
ments. A thin layer of SiOa or similar insulation mate- 
rial (not shown) is deposited over the MR elements to 
electrically insulate the MR elements 14 and 16 from 
flux collectors 28 and 30, which are then deposited to 
within their desired thickness less about 1 micron. 
The flux collectors 28 and 30 are deposited and pat- 
terned such that they do not overlap the edges of MR 
element 14 and such that MR element 16 Is totally 
overlapped. Next, a final thin layer of highly perme- 
able flux collector material 38 is deposited on the de- 
vice and patterned to overlay MR element 14 by the 
desired amount. Magnetic flux is concentrated in MR 
element 14 by the flux collectors, and the flux collec- 
tor over MR element 16 magnetically shields MR ele- 
ment 16 from external magnetic fields. As shown in 
detail in Figure 1 A, each flux collector 28 and 30 may 
comprise stacked 1 to 3 micron thick laminations 32 
of highly permeable NiFe magnetic material separat- 
ed by roughly 0.1 micron layers 34 of Si02. 

The modulation in voltage drop across the MR 
element 14 due to the flow of sense current via con- 
ductors 20 and 22 is proportional to the resistance of 



the MR element 14 resulting from the strength of a 
magnetic field across element 14 concentrated by 
flux collectors 28 and 30, and also incidentally to the 

5 temperature of the MR element 14. A change in tenv 
perature of MR element 14 can cause a change in the 
resistance and hence an error in the signal represent- 
ing the magnetic field in the region of the thin film 
magnetometer. To remove the portion of signal due to 

10 thermal effects, the signal produced by the MR ele- 
ment 16, which is magnetically shielded from external 
fields by flux collector 30, but which is closely ther- 
mally coupled to element 14, is subtracted from the 
signal produced by MR element 14 in a bridge circuit 

IS as shown in Figure 2. 

Referring to Figure 2, MR element 14 Is connect- 
ed in one feg of the bridge circuit, MR element 16 in 
an adjacent leg, and resistors R1 and R2 In the other 
two legs of the circuit Sensing voltage from a voltage 

20 source 36 is applied across the bridge, and a modu- 
lation in voltage drop S is generated representing the 
strength of the magnetic field free from any compo- 
nent caused by thermal effect. Since MR elements 
14 and 16 are deposited in dose proximity and at the 

25 same time on the common substrate 1 2, they are sub- 
jected to nearly identical thermal effects and have 
nearly identical thermal properties, thereby providing 
an improvement over the prior practice of providing an 
external thermistor in the bridge circuit 

30 In a presently preferred emk>odlment, the thick- 

ness t of the MR elements 14 and 16 is 150 ang- 
stroms; their length along the y-dlrection (defined in 
Figure 1) is 16 microns. The thickness Ti of those 
portions of each flux collector that overlap the MR 

35 element 14 is 1 micron; the length of each of these 
portions along the y-dlrectlon is 10 microns. The 
thickness T2 of the bulk of the flux collectors is great- 
er than or equal to 6 microns. The total length along 
the y-direction of each complete flux collector is 1 cm. 

40 The permeability ^ of the MRelements and of theflux 
collectors is approximately 2000. The insulator spao^ 
ing thickness s between MR element 14 and the over- 
lapping flux collector is 0.5 microns. The optimal 
width for MR-flux collector overlap, given approxi- 

45 mately by the expression Vjits, is 4 microns. From the 
above, it follows that the flux collector gap-width G 
should be approximately 8 microns. The width (along 
x) of the flux collectors may vary between 0.1 and 1 
cm, and the widths of MR elements 14 and 16 should 

50 preferably exceed the width of the flux collectors by 
at least twice the MR element height L. 

Due to the relatively large thicknesses T2 (6 mi- 
crons) of the flux collectors 28 and 30 with respect to 
the overlap of 4 micron with the MR element 14, it has 

55 proven to be somewhat difficult to accurately manu- 
facture a magnetometer with uniform thickness flux 
collectors as described in previous art. This problem 
is overcome as shown in Figures 3A and 3B as fol- 
lows. First the MR elements 14 and 16 are deposited 
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and patterned. An insulating layer of Si02 is deposited 
over the MR elements. Next, the flux collectors 28 
and 30 are formed to within their desired total thick- 
ness less about 1 micron. The flux collectors are pat- 5 
terned such that they do not overlap the MR element 
14, thereby relieving the necessity of insuring overlap 
by a precise amount Next, a final thin layer (e.g. 1 mi- 
cron) of highly permeable flux collector material 38 is 
deposited on the device and patterned to overlap the io 
MR element 14 by the desired amount The final thin 
layer 38 is much more easily patterned than the full 
stack of the flux collectors, thereby making the proc- 
ess easier to control such that the gap formed by the 
flux collector can be precisely patterned without at- is 
tacking the MR element Also, the thin layer improves 
the magnetic flux concentration at the MR element 14, 
thereby making the magnetometer more sensitive. With 
a suitable amplifier, the improved thin film magnetom- 
eter according to t he present invention is capable of de- 20 
tBcting tow level magnetic fields of 1 (HOe near DC with 
minimal thermal drift 

In addition to thermally induced noise which Is 
compensated for as described above, another poten- 
tial source of noise, known as Barkhausen noise. Is 25 
caused by motion of, or state changes in, the magnet- 
ic domain walls associated with multidomain magnet- 
ic states within the MR sensor located interior to the 
current conductors shown as 20 and 22 on Figure 1 . 
Such multidomain states most commonly arise due to so 
their lower magnetostatic energy In comparison to 
that of the single domain (i.e. wall-free) state. By fix- 
ing the magnetic state of the MR element end regions 
to quasi-permanentiy remain magnetized longitudin- 
ally (either along -i-x, or -x, but not both), the lowest 35 
energy state of the active sensor interior to the flux 
collectors can be arranged to be a wall-free state with 
longitudinal (easy-axis) component of magnetization 
everywhere the same as was fixed in the end re- 
gions. As described above, "end regions" refer in par- 40 
ticular to the area of the MR element 14 external to 
the flux collectors but adjacent or interior to the edges 
of the current conductors 20 and 22. 

One way of achieving this is, as indicated in Fig- 
ure 4A, to deposit tabs 40 and 42 of antiferromagnetic 45 
(e.g. FeMn) or ferrimagnetic (e.g. TbCo) materials in 
intimate contact with the MR element while in the 
presence of an external magnetic field oriented long- 
itudinally. This magnetic field then defines the direc- 
tion along that the MR element magnetication will be so 
"fixed" via the exchange interaction. A similar result 
can be achieved by depositing tabs 40 and 42 of a 
hard ferromagnetic (permanent magnet) material 
(e.g. CoPt), which may be separated from the MR ele- 
ment by an additional seed layer (e.g., Cr). The "fix- 55 
ing" mechanism in this case Is the strong magneto- 
static fields of the hard ferromagnetic tabs, and the 
preferential longitudinal direction for the MR element 
magnetization in the active interior would be that of 



the longitudinal permanent magnetization direction of 
the tabs. A third manner of achieving a similar result 
is indicated in Figure 4B where tabs 40 and 42 are de- 
posited adjacent to and to the exterior of conductors 
20 and 22. In this third manner, the tabs can be com- 
prised of antiferromagnetic or ferromagnetic mater>- 
als or permanent magnetic materials deposited and 
magnetKOd in one of the methods described above 
(a possible change in the order of deposition). The 
thickness of the tabs in the above methods may 
range from roughly 0.1 micron (exchange tabs) to 
roughly 1 micron (hard magnet tabs), with the interior 
tab edges not to extend beyond the interior edges of 
the current conductors 20 and 22. 

Yet another alternative to the deposited tabs for 
controlling the end magnetication of the MR element 
is the application of a longitudinal applied magnetic 
field from a permanent magnet or dedicated coil (or 
thick conductive layer acting as a one-turn coil) 
through which a current is passed to generate the 
field. The magnet or coil should be capable of provid- 
ing a longitudinal field in the order of 1 0 Oe or greater 
at the site of the end regions of the MR element ex- 
terior to the flux collectors. This field may be applied 
statically, or, in the case of the coil, only intermittentiy 
in order to "initialize" the MR element in a single do- 
main wall-free state. Such intermittent applicatton of 
the field may be achieved in conjunction with an ac 
demagnetization cycle produced by a second coil 
(e.g., the biasing coil described in the previous art) 
providing a transverse (along y) ac demagnetizing 
field. 

Industrial Appltoability and Advantages 

The magnetometer according to the present in- 
vention is useful for measuring low intensity spatially 
uniform magnetic fields. It is advantageous in that is 
has improved sensitivity and signal-to- noise charac- 
teristics over that of the prior art and is easier to man- 
ufricture. 



Claims 

1. A mag netoresistive magnetometer, comprising: 

a) first and second thin film magnetoresistive 
elements ; 

b) first and second thin film laminated flux 
concentrators disposed over said magnetore- 
sistive elements, said first and second flux 
concentrators being arranged: 1) to define a 
gap over said first magnetoresistive element 
such that a component of a magnetic field in 
the vicinity of the magnetometer In a direction 
across the gap is magnified and a component 
of the magnetic field along the gap is reduced, 
and 2) to substantially magnetically shield 
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said second magnetoresistive element; and 
c) bridge circuit means connected to said first 
and second magnetoresitive elements for 
cancelling a thermally induced signal in said 5 
first and second elements. 

2. A method of making a magnetoresistive magnet- 
ometer, comprising the steps of: 

a) forming a thin film magnetoresistive ele- to 
ment on a substrate; 

b) forming first and second thin film laminated 
flux concentrators on said substrate, said flux 
concentrators defining a gap having a width 
greater than said magnetoresistive element. is 
said magnetoresistive element being located 

in said gap, and said flux concentrators being 
formed to a thickness less than a desired final 
thickness; 

c) forming a layer of flux concentrator material 20 
over said flux concentrators and said magne- 
toresistive element, said layer having a thick- 
ness sufficient to bring said flux concentrators 

to said desired final thickness; and 

d) etching said layer of flux concentrating ma- 25 
terial to form a gap over said magnetoresistive 
element having a width equal to a desired gap 
width. 

3. A magnetoresistive magnetometer, comprising: 30 

a) a thin film magnetoresitive element; 

b) first and second thin film laminated flux 
concentrators arranged to define a gap over 
said magnetoresistive element; and 

c) means for controlling magnetic domain 35 
state at the ends of said magnetoresistive ele- 
ment 

4. The magnetoresistive magnetometer claimed in 
daim 3, wherein said means for controlling mag- 40 
netic domain state comprises an exchange cou- 
pled tab connected to said magnetoresistive ele- 
ment, or a deposited permanent magnet. 

5. The magnetoresistive magnetometer claimed in 45 
daim 3, wherein said means for controlling mag- 
netic domain state comprises said magnetoresis- 
tive element extending past the ends of said gap, 

and means for applying a magnetic field in the di- 
rection of the easy axis of said magnetoresistive so 
element 
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(g) Thin film very high sensitivity magnetoresistWe magnetometer having temperature compensation 
and single domain stability. 

@ A thin film magnetometer Includes first and 
second thin fOm magnetoreslstive elements 
(14,16) and first and second thin film laminated 
flux collectors (28,30). The first magnetoresis- 
tive element (14) is located in a gap fomned by 
the flux cdtectors, and the second mag- 
netoreslstive element is subtantially magneti- 
cally shielded by the flux collectors, and acts as 
a thermistor. The magnetoreslstive elements 
are connected in a tuldge drcuit whereby any 
signal component due to thermal effects on the 
magnetoreslstive elements Is removed from the 
signal produced by the first magnetoresistive 
element 
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